The amygdala is rich in melanocortin 4 receptors. Since the reduction in dietary fat intake after enterostatin is injected into the central nucleus of the amygdala (CeA) is blocked by a melanocortin 4 receptor antagonist, we investigated the role of melanocortin activity in the CeA in regulating food intake and macronutrient choice. Sprague-Dawley (SD) rats, fitted with CeA cannulas, were fed either chow, a high fat diet or adapted to a 2-choice High fat (HF) or Low Fat (LF) diet. Injections of the MC4R agonist Melanotan II (MTII) into the CeA had a dose dependent inhibitory effect on food intake that lasted for at least 24 hours. This response was greater in rats fed a high fat diet. The inverse agonist AgRP and antagonist SHU9119 increased food intake in a dose dependent manner, the hyperphagia lasting for 60 hours. In rats adapted to a 2 choice HF/LF diet, MTII decreased HF consumption but had no effect on LF consumption resulting in a long lasting decrease in total calorie intake (-35.5% after 24h, p<0.05). Total calorie intake increased in both AgRP and SHU9119 treated rats (32% and 109% after 24h respectively) as the result of increased intake of HF diet. There was no modification of LF consumption with AgRP treatment and a transient non significant decrease with SHU9119 treatment. Amygdala BDNF expression was increased by AgRP in fed rats.
INTRODUCTION
For years, hypothalamic centers have been considered as the major brain centers regulating food intake and/or macronutrient selection (45) . The neural circuits involved in the regulation of feeding behavior are complex and more recent studies implicate other parts of the brain in the regulation of ingestive behaviors. Areas such as the nucleus accumbens, the amygdala, the brain stem and many others, form together with the hypothalamic areas a complex circuitry regulating all levels of feeding behavior (6, 8, 55) . Indeed, the paraventricular nucleus is not essential for either NPY-induced feeding or the anorexic response to melanocortin activity (16) since both are evident in PVNlesioned rats. Further, the anorectic response to MTII is evident in the dorsovagal complex of the brain stem (52, 58) .
A number of neuropeptides and compounds are known to selectively affect macronutrient intake when administered centrally. For example, the orexigenic neuropeptide Y (NPY) (47, 48, 50) , norepinephrine (NE) (30, 50) or agouti-related protein (AgRP) (23) have been reported to induce specific selection of macronutrients. Enterostatin, a satiety factor secreted in the GI tract and expressed also in the central nervous system (CNS), induces an immediate reduction in food intake and inhibits appetite specifically for dietary fat when injected peripherally or centrally (31, 37, 39) .
It has been hypothesized that the role of the amygdala in the overall complex feeding behavior is to mediate responses that modulate the behavior. Multiple laboratories have investigated the role of the amygdala on different aspects of the feeding behavior including the role in food reward (4, 18, 20, 25) and food aversion (43, 54) . There is also growing evidence for the role of the amygdala in the regulation of macronutrient selection. Lesions of this part of the brain alter macronutrient selection (29) . A specific reduction in dietary fat intake has also been observed after enterostatin administration into the central bed nucleus of the amygdala (CeA) in fasted rats adapted to a macronutrient choice paradigm (34) . Mu-opioid stimulation of the amygdala can induce voracious eating of fat (51) while intra-amygdala NPY reduces the preference for dietary fat but doesn't influence total caloric intake in rats given a choice of diets (41) .
The melanocortin system has a central role in regulation of energy homeostasis (44, 46) ; blockage or loss of MC3 and MC4 receptors induces hyperphagia, reduced energy expenditure and obesity (2, 3, 10) . MC4-R deficient mice exhibit obesity, hyperphagia and hyperinsulinemia. Melanocortin 4 receptors are expressed in the amygdala and there are NPY/AgRP axonal projections from the arcuate region of the hypothalamus to the amygdala (24, 35) questioning the role of the melanocortin system within the amygdala.
The purpose of the experiments presented here was to explore the role of the melanocortin system within the amygdala to regulate food intake and macronutrient selection. We provide evidence that melanocortin signaling in the CeA can regulate feeding behavior by showing strong effects of the MC3R/MC4R antagonist SHU9119 and the MC3R/MC4R agonist Melanotan II (MTII), as well as the inverse agonist AgRP (1, 11, 14) , to influence food intake and dietary preferences when administered onto the CeA. Rats anaesthetized with pentobarbital sodium (Nembutal; 0.1 ml/100 g body weight, ip) were stereotaxically implanted with one unilateral or two bilateral stainless steel cannula(s) (Plastics One, Roanoke, VA) aimed to the CeA: [coordinates (AP/L/DV to bregma) -2.4/-3.8/-6.0 mm according to Paxinos and Watson (40) and previous experiments (34) . Each cannula was secured in place with 3 anchor screws and dental acrylic and occluded with a 26 gauge wire stylet. The injector was designed to project 2 mm beyond the guide cannula tip. Each rat received an injection of the analgesic drug Carprofen (Rimadyl 5 mg/kg, s.q.) before returning to their home cage. Adaptation to high fat (HF) or two choice HF/low fat (LF) diets began after rats had regained their preoperative weight (about 7 days). Cannula placement was checked after sacrifice of the animals by histology after injection of the water soluble methylene blue dye.
MATERIALS AND METHODS

Animals
Peptides and drugs administration:
All drugs and peptides were administered in 0.5 µL saline solution over a 1 minute time period. The injector was left in place for an additional 1 minute to prevent backflow. AgRP was purchased from Phoenix Pharmaceuticals (Belmont, CA), SHU9119 and Melanotan II (MTII) where purchased from Sigma Aldrich (St Louis, MO).
Experimental Design: After recovery from the cannula implant, some rats were adapted to a HF diet over a 10 day period. Other rats were progressively adapted to a 2-choice Statistical Analyses. The food intake data are expressed as mean ± SEM. Body weight and food intake were analyzed using either two-way analysis of variance (ANOVA) with Neumann-Keuls post hoc tests or t-tests when appropriate. BDNF expression data was analyzed by a paired "t" test as each animal had unilateral injections of saline and AgRP.
Significance was set at p<0.05 for all analyses.
RESULTS
Effect of administration of MTII into the CeA on food intake. Figure 1 shows the temporal anorexic response to several doses of MTII in rats fed either dietary chow (1A)
or a HF diet (1B). MTII reduced food intake in rats on both diets in a dose related manner. The effective dose on the chow diet was <0.05nmoles and on the HF diet between 0.01 and 0.05 nmoles. However, the magnitude of the inhibitory effect appeared to be greater in rats fed the HF diet (36% versus 19% inhibition at the 0.5nmole dose ( Figure 1C ).
Effect of SHU9119 administration into the CeA on food intake. The MC4/MC3R
receptor antagonist SHU9119 caused a dose dependent stimulation of food (rat chow) intake in satiated rats ( Figure 2 ). The effective dose was around 0.1nmole; the stimulation of intake was evident within one hour and lasted for more than 48 hours. The highest dose used (1.0nmole) doubled food intake after 24 hours. This orexigenic effect declined slowly over subsequent days but had not completely disappeared after 96 hours. Bilateral injections of AgRP enhanced intake of both the chow ( Figure 4A ) and HF diet ( Figure 4B ) compared to unilateral injections in the first 24 hours, after which there were no differences in food intake between the two groups. Food intake remained elevated compared to the control vehicle injected rats in both the unilateral and bilateral AgRP injected rats for 72 hours.
Effect of AgRP administration into the
Effect of MTII administration into the CeA on macronutrient selection. When given the choice of diets, the rats in this experiment showed a distinct preference for dietary fat after an overnight fast. Amygdala MTII (0.5nmoles) inhibited intake of the HF diet but no effect on intake of the LF diet caloric consumption ( Figure 5 ). The inhibitory effect on intake of HF diet was evident as early as 30 minutes after the injection (-83.9% compared to saline injected rats, p<0.05), maximal at 24h (-35.5% compared to saline group, p<0.05) but was still evident on day 2 (-17.3 % compared to saline group, p<0.05). As a result of the decrease in intake of HF diet, MTII also reduced total caloric intake of the rats over the first 2 days. The MTII treated rats recovered caloric intake to control levels after 72 h.
Effect of SHU9119 and AgRP injections into the CeA on macronutrient selection.
For this study, we chose doses of SHU9119 (1.0nmole) and AgRP (0.1nmole) that had maximal effects in our dose response studies. In satiated rats, administration of the MC3/4R antagonist SHU9119 into the CeA induced an increase in caloric intake as early as 2 hours after the injection ( Figure 6 ). This effect was potent (two-fold at 24h, p<0.05) and long lasting, the orexigenic effect of SHU9119 lasting for 4 days , food intake only returning to control levels at day 5. In this experiment, the rats showed only a slight preference for the HF diet over the low fat diet as shown by the intake on the day prior to the experiment (This is shown as Day 0 in lower panels of figure 6 ). Notwithstanding that, SHU9119 induced a profound stimulation of intake of the HF diet that was maximal in the first 24 hours but only slowly returned to control levels by day 6. In contrast, there was a small but non-significant inhibitory effect of SHU9119 on intake of the low fat diet. Injection of AgRP into the CeA had a similar but less profound effect than that seen with SHU9119. The stimulation in caloric intake was smaller than with SHU9119 and lasted for a shorter time (2 days) (32% at 24H; p<0.05 and 21.2% at 48h; p<0.05) but was again entirely due to a stimulation of intake of the HF diet. Although the numbers of animals are small, there did not appear to be any relationship between the magnitude of the response to AgRP and SHU9119 and the basal level of preference for the HF diet (data not shown).
Effect of AgRP injections into the CeA on expression of BDNF. The effect of AgRP on BDNF gene expression relative to cyclophilin was compared in individual animals. Figure 7 shows that AgRP injections into the CeA increased expression of AgRP, as measured in the whole amygdala, by over 2-fold compared to the saline injected animals.
This increase was observed in 4 of the 5 rats that were tested.
DISCUSSION
The amygdala, a brain region traditionally studied for its role in behaviors such as fear and anxiety, also influences ingestive behaviors (18, 20, 51) . It plays an important role in the development of conditioned taste aversion and the reward response to ingested food (19, 54) . Previous research from our group has shown the importance of the amygdala in modulating food preferences whether it was through the administration of enterostatin (32, 33) , or NPY (41) in rats given a 2-choice diet paradigm. In the study presented here,
we have examined the role of the melanocortin system in the amygdala control of food intake and macronutrient selection using the melanocortin agonist MTII, the melanocortin antagonist SHU9119 as well as the reverse agonist AgRP.
We showed that MTII, SHU9119 and AgRP all had dose related effects to influence food intake and that the doses required were very similar to those that elicit responses at the hypothalamic sites (12, Alternative explanations for the apparent selectivity towards dietary fat should be considered. It is possible that this is not a specific effect on fat intake but that it is related to the basic preference of the animal. It had previously been suggested (38) that AgRP mainly affected appetite rather than food preferences on the basis of paraventricular AgRP enhancing the intake of dietary chow rather than a palatable sucrose solution. Kim and colleagues (28) , reported that AgRP injections in the CeA, at the same dose level we used in our studies, induced a delayed and weak increase of food intake, and suggested that the amygdala was less significant to the control of food intake compared to other hypothalamic areas such as paraventricular or dorsomedial nuclei. However, we observed comparable responses at comparable doses in the CeA to those reported for the hypothalamus. Indeed, in our experiments using a 2-choice diet paradigm, we found a very large and fast increase in food consumption due to an increase of the HFD consumption when either AgRP or SHU9119 was administered into the CeA. The response elicited by AgRP was less dramatic than the response to SHU9119 at the doses used. This difference may reflect differences in clearance or differences in access to or binding to the receptor. In the currently reported studies there was a clear fat preference of the animals tested in the MTII experiment. However, in the studies of the response to AgRP and SHU9119, there was only a small imbalance in the number of calories of HF diet eaten compared to LF (grams of LF eaten were greater than HF) and still there was only a stimulation of dietary fat intake in response to AgRP and SHU9119. Further we could find no relationship between basal fat preference and the increase in fat intake.
Even individual rats with a LF diet preference only increased the HF diet intake.
Secondly it is possible that differences in the temporal sequence of eating the HF and LF diets might bias the results. However, the time courses provide no evidence that HF diet is eaten preferentially before low fat diet in any of the experiments. Further, the stimulation of fat intake by SHU9119 and AgRP and the inhibition by MTII can be observed over a long time period extending over several days. Finally, we have only demonstrated that melanocortin signaling in the CeA can affect intake of the specific diets that we presented to the rats. Whether a similar response would be observed with diets of differing fat composition, texture or flavor needs to be assessed before we can be conclusive in our interpretation of the data.
The pathways and neural sites activated or inhibited in response to changes in CeA melanocortin activity are currently unknown. The CeA has connections to all of the hypothalamic regions that affect food intake as well as to other parts of the limbic system and neocortical regions of the brain (17) that allow it a central role in integrating feeding behavior and allowing the cognitive and emotive aspects of food intake (8, 15, 18, 22, 34, 51, 56) to override the homeostatic controls within the hypothalamus (5).
MTII had a potent and fast effect on caloric consumption. Thirty minutes after receiving MTII in the CeA, the rats already exhibited a significant reduction in caloric intake, resulting from loss of appetite for the diet rich in fat. The size and speed of the response to the administration of MTII, and to AgRP and SHU9119, suggest that the responses are not the result of diffusion of the drug through the brain to other areas (27) . We have shown that the small injection volumes used in these studies do not diffuse outside of the amygdala within the first 4 hours after injection (7). Thus rapid diffusion to the hypothalamic centers cannot be an explanation of our observations.
The response to MTII was greater in rats fed a HF diet compared to rats fed the low fat regular chow diet. This fat sensitive increase in response to MTII has been previously reported for icv injection of MTII (12) 
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